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Studies of the electrical propertlies of single crystals
of pure oxide have been made in only a few cases. The 1ntofast
In thorium oxide arises largely from its application as @&
thermlionic emittar and also from the fact that optically clear,

nomogeneous, crystalline specimens are avallable,

This report is a brief stataement of our experimental
work pertaining to the conduction mechsnism in thorium oxide.
The materlal to be deseribed 1s primarily that which involves
olectronic conduction, Certain lonie and electroiytigc effects-
heve teen previoualy reported and willzdnly;be mentioned nere in
cases where they 1ntrude.themgeivea in a manner which cannot bef
ignored. The data to be reported are éoncerned with conductivity
and. thermo=electric boﬂer in atmospheres of various.gases_and in
vacuum, The tempprature>rahge of the present dats 1s batween

650° and 1000° centigrade,

I% has baen found that thz presence or absence of oxygen
atmosphere has a pronounced effect, both upon the electrical
properties of a eryastal, and upon 1ts color, As pfeviously
reportad, s thoria cryatsl heated in oxygen at 1000° ¢ will be =
desp red in color, If the oxyren 1s thien pumped out leaving a
vasuum, the temperature remaining the same, the crystal will bleach
te a coleorlsss conditlion, The same bleaching will also occur 1f

the oxyger: be replaced by hydrocgen or by helium, Welpght measures



menta with a microbalance have shown that the denaity of oxygen stoma

responsibtls for the color change must be lass thean 1018 per oc,

The ef feet of this chanpge of oxygen content upon the conduc=

tivity 1s shown in Firure 1,

The lower curve in thls dlarram shows results obtained in
an atmosphere of hydrogen or helium, They were made on cdifferent
crystals, Measurements taken in vacuum on a third crystal lie

somewhat below the line but still fairly close to it,

It seems,'theraforp, that the conduction in the absence of

oxygen 1s not markedly dependent upon the atmosphere,

The éddition-of oxyren, however, 1ncreasea;the conductivity
by a factor of the order of 10. In the high temperature regicn the
resulta~ar9 ﬁicelyfreproducible; values taken with aﬂdozen‘cEYGtalsA
aéroa within about 10 percent. A break of slope occurq at about
1000 K and st lower temperatures the measurements become progresaively
more dif;icult on account of the time required for the system to come

to equilibrium,

The E}mg‘required for the conductivity to reach ; new
ecuilibrium when the atmosphere 1s changed from oxygen to non-oxygen,
or vice VCréa,-ié quite rapild at temperétufes around 1100o K3 the
new value 1s attained iIn a few seconds. In the 700° K regioﬁ the
time raquired wili be maﬁy minuteso'.Quantitative considerasion of

thegse =ime=phenomena in terms =f probable diffusion coefficients
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ramainz to be done.

Application of semi-conductor theory to tho':'m data would
require mobility data whicih are not avallable, Using mobility
values for copper oxide, however, density of impurity centors 1is
of the order of 1016. This is based upon the slcrs of the hizgh

temperature portion of the oxycen curve,

A simiiar calculation carried out for the non~oxygen curve
will involve a higher value of the enercy rap, and, accordingly, a

hicher density of centers of the order of 1018.

As stated earlier, the conductivity values from crystal to
crystal show fair reproducibility, of the order ~of 10 percent,
Vulues of slope however show & scatter also of the order of 10 percent
and this 1s, of course, reflectod in a high derree of uncsrtainty

in the cslculated density of impurity centers,

The elementary semi-conductor theory postulates a density
of centers which is independent of temperature, 1In the case of e
solid immersed in an atmosphere of a gas whose nature is pertinent

to the activation, this assumption 1is doubtful to say the least.

In the case of the non-oxygen curve, the similarity of
date when using hydrogen nr helium or vacuum indicaces that neither
hydrogen nor helium have a part in ths creation of impurity centers
and the cal~rulated value of this quantity probably hss some meaning

wnen oxyeon is not present,



With an oxyren at: osphere, however, it appoars that
dissolved oxygen must play an essential role in the conductivity
mechanlam, It seems certaln thsrefore that, for this case, a
caiculation of the density of centers, based upon the assumption
that this quantity is independent of temperaturs, is quite meaninge

19380

In this oonnection, Mr.Weinreich has carried out measure-

ments of the dependence of conductivity upon oxygen pressure, Some

data regarding this are showr in Figure 2.

The lowest curve shows data tsken in vacuum, The two upper
curves oorrespénd to two different pressures of oxygen surrounding
the specimen., Noneconformity to the elementary theory is immediately
evident from the fact that the intercept, and accordingly the density
of centers which would be computed, is a decreasing function of the

oXygen pressure,

The functional relation between conductivity and pressure
is sometimes derived by considering en equilidrium resction equation,
invelving charge carriers, vacancies, etoc., and applying the Law of
Mass Action., If we assume that we are dealinp with petype conduction
involving vacancies produced 'y the removal of quadruply-ionized
thorium, we arrive at a pPressure-to-the 1/Sthepower law. Flgure 3
shows data recarding this functioneal rolaticn., We see that the
experimental exponents are somewhat smeller than 1/5th, It may
porhaps be hazarded that this points to the degree of lonization
in the thnrium oxide crystal being less than the value of J; which

corrcsponds to its velence,
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Figue 2. Dependence of Conductivity Upon Oxygen Pressure
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The hypothesls of p-type conduction 1s supported by the
sign of the Seebeck effect, Measurements of thermoeclectric power
have also been attempted in various atmosphleres, Reproducible data
ars obtaoinable in oxygen, hut in the non-oxyron case the reversidble
therw.al effect is very difficult to disentangle from polarization
affects which give a complex pattern of time~dependent phenomena,
It 1s possible to observe, however, that when one changes from the
oxygen case to the non-oxygen case, the sign of the Seedbeck voltapge
changes in the sense that p-~type conduction is indicated in the

presence of oxyren and netype in hydrogen or vacuum,

Filgure Y4 shows data from two different runs using the same
crystal of thorium oxide. Thermo=clectric power is plotted apgainst
reciprocal temperature, If the elementary theory were valld, one
could compute from these curves, just as from conductivity curves,
the energy gap and the density of impurity centers. As a matter of
fact, one intripguing thing was the agroement of égp-vnlues as deduced
from the two kinds of measurement., Just as with conductivity, however,
it seems definitely erroneous to assume for the oxygen case, that the
density of centers remains constant as the temperaturse varies, If
this assumption 1s made, the computed density turns out to be unresscne

ably large, of the order of 102“.

On the assumption that the simplest semie~conductor model 1s

pertinent, equations for conductivity o and thermo-electric power

%; are respectively (1, and (2).
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If one could postulate that the donsity of impurity centers

has a temperature despendence of the form:

<-4z
"ho-:_ (= 43 ' (3)

l The stove squations would become
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One sees that uniformity of slope is preserved; the equality

of gepevalues, caleculated assuming {1) and (2) to be valued, would

also obtain with () and (5) althoupgh the value so salculated would

be Incorrect,



Besldes sccounting for the equallity of slopes. the

sssumption (3) can also give remsonable density of impurlty centers.

This assumption, however, requirez that the denaity n, be

en increasing function of temperature, If the process be one of

solutlon of szygen in the erystal, decreasing function would be nmare

admieesibls Intuitively, However, 1f thermally produced lsttice

¢ ]

defects are a factor in the genseration of the donor centers, an
increasing function might be possible, These matters will receive

further consideration,

A determination df the temperature dependence of n, would
be the next topic on this aspeet of the program. It should obviously
have-precedence over any attempts to explein. the resuits by more

complicsted ssmi-conductor mochanlsms.

élans for the Future.

It is felt that the tlici.o-electric effects have received
aufficient attention for the time being. x-réy diffrection investi-
gation of the different ocolor forms of thorium oxide are nlanned,
Further studiss of the causes of the red coloration are in order,
Three such sauses are known: oxygeﬁ sbsorption, u. v. radiation,

and flow of current in & gus cther than hydrogen.
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